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Most of vibration-based damage detectionmethods require the modal properties that are obtained frommeasured sig-
nals through the system identiﬁcation techniques. However, the modal properties such as natural frequencies and mode
shapes are not such a good sensitive indication of structural damage. The wavelet packet transform (WPT) is amathemat-
ical tool that has a special advantage over the traditional Fourier transform in analyzing non-stationary signals. It adopts
redundant basis functions and hence can provide an arbitrary time-frequency resolution. In this study, a damage detection
index calledwavelet packet energy rate index (WPERI), is proposed for the damage detection of beam structures. Themea-
sured dynamic signals are decomposed into the wavelet packet components and the wavelet energy rate index is computed
to indicate the structural damage. The proposed damage identiﬁcationmethod is ﬁrstly illustrated with a simulated simply
supported beam and the identiﬁed damage is satisfactory with assumed damage. Afterward, the method is applied to the
tested steel beams with three damage scenarios in the laboratory. Despite the noise is present for real measurement data,
the identiﬁed damage pattern is comparable with the tests. Both simulated and experimental studies demonstrated that the
WPT-based energy rate index is a good candidate index that is sensitive to structural local damage.
 2005 Elsevier Ltd. All rights reserved.
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During the service of beam structures such as large-scale frames, long-span bridges and high-rise build-
ings, local damage of their key positions may continually accumulate, and ﬁnally results in sudden failure of0020-7683/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
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J.-G. Han et al. / International Journal of Solids and Structures 42 (2005) 6610–6627 6611structures. One damage identiﬁcation classiﬁcation system commonly deﬁnes four levels of damage assess-
ment (Doebling et al., 1998): (1) the presence of damage; (2) the location of the damage; (3) quantiﬁcation
of the severity of the damage; and (4) prediction of the remaining serviceability of the structure. Basically,
damage identiﬁcation techniques can be classiﬁed into either local or global methods. Most currently used
techniques, such as visual, acoustic, magnetic ﬁeld, eddy current, etc., are eﬀective yet local in nature. They
require that the vicinity of the damage is known a priori and the portion of the structure being inspected is
readily assessable. The global damage identiﬁcation methods, on the other hand, quantity the healthiness of
a structure by examining changes in its global structural characteristics. It is believed that these two meth-
ods should be used in a complementary way to eﬀectively and correctly assess the condition of the health of
a complicated structure.
One core issue of the global vibration-based damage assessment methods is to seek some damage indices
that are sensitive to structural damage (Ren and De Roeck, 2002a,b). The damage indices that have been
demonstrated with various degrees of success include natural frequencies, mode shapes, mode shape curva-
tures, modal ﬂexibility, modal strain energy, etc. Doebling et al. (1998) and Farrar et al. (1999) summarized
the comprehensive historic development of damage assessment methodologies based on these indices as well
as pointed out their applicability and limitations. Most of vibration-based damage assessment methods re-
quire the modal properties that are obtained from the measured signals through the system identiﬁcation
techniques such as the Fourier transform (FT). The structural damage is typically a local phenomenon,
which tends to be captured by higher frequency signals. The Fourier analysis transforms the signal from
a time-based or space-based domain to a frequency-based one. Unfortunately, the time or space information
may be lost during performing such a transform and it is sometimes impossible to determine when or where a
particular event took place. To correct this deﬁciency, the short-time Fourier transform (STFT) was pro-
posed by Gabor (1946). This windowing technique analyzes only a small section of the signal at a time.
The STFT maps a signal into a 2-D function of time or space and frequency. The transformation has the
disadvantage that the information about time or space and frequency can be obtained with a limited preci-
sion that is determined by the size of the window. A higher resolution in time or space and frequency domain
cannot be achieved simultaneously since once the window size is chosen, it is the same for all frequencies.
The wavelet transform (WT) is precisely a new way to analyze the signals, which overcomes the problems
that other signal processing techniques exhibit. Wavelet functions are composed of a family of basis func-
tions that are capable of describing a signal in a localized time (or space) and frequency (or scale) domain
(Daubechies, 1992). The main advantage gained by using wavelets is the ability to perform local analysis of
a signal, i.e., zooming on any interval of time or space. Wavelet analysis is thus capable of revealing some
hidden aspects of the data that other signal analysis techniques fail to detect. This property is particularly
important for damage detection applications. Many investigators (Wang and McFadden, 1996; Kitada,
1998; Gurley and Kareem, 1999; Wang and Deng, 1999; Hou et al., 2000; Ovanesova and Suarez, 2003)
presented applications of wavelet transform to detect cracks in frame structures. One possible drawback
of the WT is that the frequency resolution is quite poor in the higher frequency region. Hence, it still faces
the diﬃculties when discriminating the signals containing close high frequency components.
The wavelet packet transform (WPT) is an extension of the WT, which provides a complete level-by-level
decomposition of signal (Mallat, 1989). The wavelet packets are alternative bases formed by the linear com-
binations of the usual wavelet functions (Coifman and Wickerhauser, 1992). Therefore, the WPT enables
the extraction of features from the signals that combine the stationary and non-stationary characteristics
with an arbitrary time-frequency resolution. Sun and Chang (2002) developed a WPT-based component
energy technique for analyzing structural damage. The component energies were ﬁrstly calculated and then
they were used as inputs into the neural network (NN) models for damage assessment.
In this paper, a WPT-based method is proposed for the damage detection of beam structures. Dynamic
signals measured from structures are ﬁrst decomposed into the wavelet packet components. The wavelet
energy rate index is proposed, which is then used to locate damage. Both simulated and tested beams with
6612 J.-G. Han et al. / International Journal of Solids and Structures 42 (2005) 6610–6627diﬀerent damage scenarios are used as the case studies to validate the applicability of proposed damage
identiﬁcation procedure. The results demonstrated that the WPT-based energy index is a good candidate
index that is sensitive to structural local damage.2. Theoretical background
Wavelet packets consist of a set of linearly combined usual wavelet functions. The wavelet packets in-
herit the properties such as orthonormality and time-frequency localization from their corresponding wave-
let functions. A wavelet packet wij;kðtÞ is a function with three indices where integers i, j and k are the
modulation, scale and translation parameters, respectively,wij;kðtÞ ¼ 2j=2wjð2jt  kÞ; i ¼ 1; 2; 3; . . . ð1Þ











gðkÞwið2t  kÞ. ð3ÞThe ﬁrst wavelet is so-called a mother wavelet function as follows:w1ðtÞ ¼ wðtÞ. ð4Þ
The discrete ﬁlters h(k) and g(k) are the quadrature mirror ﬁlters associated with the scaling function and
the mother wavelet function. There are quite a few mother wavelets reported in the literature. Most of these
mother wavelets are developed to satisfy some key properties such as the invertibility and orthogonality.
Daubechies (1992) developed a family of mother wavelets based on the solution of a dilation equation.
One of these wavelet functions, DB5, is adopted in this study.
The WT consists of one high frequency term from each level and one low-frequency residual from the
last level of decomposition. The WPT, on the other hand, contains a complete decomposition at every level
and hence can achieve a higher resolution in the high frequency region. The recursive relations between the
jth and the (j + 1)th level components aref ij ðtÞ ¼ f 2i1jþ1 ðtÞ þ f 2ijþ1ðtÞ; ð5Þ
f 2i1jþ1 ðtÞ ¼ Hf ijðtÞ; ð6Þ








gðk  2tÞ. ð9ÞAfter j level of decomposition, the original signal f(t) can be expressed asf ðtÞ ¼
X2j
i¼1
f ij ðtÞ. ð10Þ
J.-G. Han et al. / International Journal of Solids and Structures 42 (2005) 6610–6627 6613The wavelet packet component signal f ij ðtÞ can be represented by a linear combination of wavelet packet
functions wij;kðtÞ as follows:f ij ðtÞ ¼
X1
k¼1
cij;kðtÞwij;kðtÞ; ð11Þwhere the wavelet packet coeﬃcients cij;kðtÞ can be obtained fromcij;kðtÞ ¼
Z 1
1
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Fig. 1. Three-component harmonic function (a) and its power spectrum (b).
6614 J.-G. Han et al. / International Journal of Solids and Structures 42 (2005) 6610–6627providing that the wavelet packet functions are orthogonalwmj;kðtÞwnj;kðtÞ ¼ 0 if m 6¼ n. ð13Þ
Each component in the WPT tree can be viewed as the output of a ﬁlter tuned to a particular basis func-
tion, thus the whole tree can be regarded as a ﬁlter bank. At the top of WPT tree (lower level), the WPT
yields a good resolution in the time domain but a poor resolution in the frequency domain. At the bottom
of WPT tree (higher level), the WPT results in a good resolution in the frequency domain yet a poor res-
olution in the time domain.
To illustrate the WPT, the following example is given:f ðtÞ ¼ sinð2ptÞ þ sinð4ptÞ þ sinð10ptÞ ð0 6 t 6 10 sÞ;
sinð1.998ptÞ þ sinð4ptÞ þ sinð10ptÞ ð10 < t 6 20 sÞ.

ð14ÞThis harmonic function as shown in Fig. 1(a) basically contains three frequencies: 1.0, 2.0, and 5.0 Hz
up to 10 s. After 10 s, 1.0 Hz frequency is suddenly reduced to 0.999 Hz. Fig. 1(b) shows the FT results
for the ﬁrst 10 s and the last 10 s. As expected, the small perturbation of the 1.0 Hz frequency is not visible
from the spectral density function by the FT. However, this small change in frequency can be detected by
the WPT. Fig. 2 shows the eight wavelet packet component signals after three levels of wavelet packet
decomposition. It can be seen that the suddenly shift at 10 s is quit visible in most of the wavelet component
signals.Fig. 2. Signal components of third level wavelet packet transform (WPT).
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Yen and Lin (2000) investigated the feasibility of applying the WPT to the vibration signals. They de-
ﬁned a wavelet packet node energy index and concluded that the node energy representation could provide
a more robust signal feature for classiﬁcation than using the wavelet packet coeﬃcients directly. Sun and
Chang (2002) proposed a wavelet packet component energy index which was then used as inputs of neural
network models for damage assessment. The numerical simulations were performed using a three-span con-
tinuous bridge under impact excitation. Various levels of damage assessment including the occurrence,
location, and severity of the damage were studied. In this study, the wavelet packet energy index is pro-











f mj ðtÞf nj ðtÞdt. ð15ÞSubstituting Eq. (11) into Eq. (15) and using the orthogonal condition Eq. (13) yieldsEfj ¼
X2j
i¼1
Ef ij ; ð16Þwhere the wavelet packet component energy Ef ij can be considered to be the energy stored in the component
signal f ij ðtÞ,Ef ij ¼
Z 1
1
f ij ðtÞ2 dt. ð17ÞIt can be seen that the component signal f ij ðtÞ is a superposition of wavelet functions wij;kðtÞ of the same
scale as j but translated into the time domain (1 < k <1). This means that the component energy Ef ij is
the energy stored in a frequency band determined by the wavelet functions wij;kðtÞ. Physically, Eq. (16) illus-
trates that the total signal energy can be decomposed into a summation of wavelet packet component ener-
gies that correspond to diﬀerent frequency bands.
The component energies for the third level WPT before (denoted Ea) and after (denoted Eb) the fre-
quency shift for the harmonic function Eq. (14) are listed in Table 1. Duration of 4 s is used for computing
Ea within an interval of 2–6 s and Eb within a interval of 14–18 s, respectively. For comparison, the third
level WT component energies and their changes are also calculated. It is demonstrated that both WT com-
ponent energies and WPT component energies are not sensitive to the shift at this level of decomposition.
In fact, the signal energy is mainly contributed by the ﬁrst (f 13 ) and the second (f
2
3 ) components. These
two component energies are nearly close to the original signal energy. To further illustrate, the WT com-
ponent energies and the ﬁrst 20 WPT component energies of the ﬁfth level decomposition are listed in Table
2. It can be observed that the component energies for the ﬁrst two WT components are more sensitive to the
original signal energy. The WPT component energies are even more sensitive than those of WT. Also it can
be seen that those small-value component energies are more sensitive than the characteristics change, e.g.,
the energy change for f 45 and f
5
5 are 115.8% and 99.74%, respectively. Ideally, these sensitive component
energies are good candidate indices that can reveal the signal characteristics. So the wavelet packet energy
rate index (WPERI) is proposed to indicate the structural damage. The rate of signal wavelet packet energy
DðEfjÞ at j level is deﬁned asDðEfjÞ ¼
X2j
i¼1





Component energies for the ﬁfth level wavelet transform (WT) and wavelet packet transform (WPT) (ﬁrst 20 terms) before (Ea) and
after (Eb) shift in frequency of the harmonic function
Ea (2–6 s) Eb (14–18 s) Change (%)
WT f(t) 6.0 6.0087 0.15
f a5 ðtÞ 2.0782 2.1887 5.3153
f d5 ðtÞ 1.7523 1.8814 7.3677
f d4 ðtÞ 1.7419 1.7419 0.00
f d3 ðtÞ 0.32835 0.32835 0.00
f d2 ðtÞ 0.0014382 0.0014382 0.00
f d1 ðtÞ 2.0371e006 2.0371e006 0.00
WPT f(t) 6.0 6.0087 0.15
f 15 ðtÞ 2.0782 2.1887 5.3153
f 25 ðtÞ 1.7523 1.8814 7.3677
f 35 ðtÞ 1.5656 1.2371 20.982
f 45 ðtÞ 0.2157 0.46548 115.8
f 55 ðtÞ 0.00014172 0.00028307 99.737
f 65 ðtÞ 0.00028746 0.00011594 59.668
f 75 ðtÞ 0.28612 0.26205 8.4136
f 85 ðtÞ 0.051949 0.055757 7.3296
f 95 ðtÞ 8.2926e007 6.5244e007 21.322
f 105 ðtÞ 2.4007e007 4.4744e007 86.377
f 115 ðtÞ 0.001065 0.00094255 11.494
f 125 ðtÞ 0.00018429 0.00021012 14.012
f 135 ðtÞ 1.4228e007 1.4148e007 0.5645
f 145 ðtÞ 2.8154e008 2.7629e008 1.865
f 155 ðtÞ 0.00021095 0.00018344 13.042
f 165 ðtÞ 3.6043e005 4.1441e005 14.977
f 175 ðtÞ 1.1175e009 9.657e010 13.587
f 185 ðtÞ 1.7835e010 6.4183e010 259.87
f 195 ðtÞ 1.4005e006 1.4412e006 2.9029
f 205 ðtÞ 2.8151e007 2.7678e007 1.6787
Table 1
Component energies for the third level wavelet transform (WT) and wavelet packet transform (WPT) before (Ea) and after (Eb) shift in
frequency of the harmonic function
Ea (2–6 s) Eb (14–18 s) Change (%)
WT f(t) 6.0 6.0087 0.15
f a3 ðtÞ 5.6702 5.6790 0.16
f d3 ðtÞ 0.3284 0.3284 0.00
f d2 ðtÞ 0.0014 0.0014 0.00
f d1 ðtÞ 2.0371e6 2.0371e6 0.00
WPT f(t) 6.0 6.0087 0.15
f 13 ðtÞ 5.6702 5.6790 0.16
f 23 ðtÞ 0.3284 0.3284 0.00
f 33 ðtÞ 0.0012 0.0012 0.00
f 43 ðtÞ 0.0002 0.0002 0.00
f 53 ðtÞ 1.7014e6 1.7014e6 0.00
f 63 ðtÞ 3.3422e7 3.3422e7 0.00
f 73 ðtÞ 1.224e9 1.224e9 0.00
f 83 ðtÞ 2.4046e10 2.4046e10 0.00
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J.-G. Han et al. / International Journal of Solids and Structures 42 (2005) 6610–6627 6617where ðEf ij Þa is the component signal energy Ef ij at j level without damage, and ðEf ij Þb is the component sig-
nal energy Ef ij with some damage. It is postulated that structural damage would aﬀect the wavelet packet
component energies and subsequently alter this damage indicator. It is desirable to select the WPERI that is
sensitive to the changes in the signal characteristics.4. Damage identiﬁcation procedures
A damage identiﬁcation procedure based on the proposed WPERI is described here. Two assumptions
are adopted in this study: (1) the reliable undamaged and damaged structural models are available; (2) the
structure is excited by the same impulse load and acts at the same location. Vibration signals measured
from the structure by sensors are ﬁrst processed using the WPT. The level of wavelet packet decomposition
is determined through a trial and error sensitivity analysis using the undamaged and damaged structural
models. Then the wavelet packet energy rates of signals are calculated.
It is proposed to establish threshold values for the damage indicators based on the statistical process
control (SPC) method (Benﬀey, 1993; Montgomery, 1996). For structural health monitoring applications,
Sohn et al. (2000) indicated that an X-bar control chart can provide a statistical framework for monitoring
future measurements and for identifying abnormality in the new data. The core of the technique is in estab-
lishing the lower and upper control limits (LCL and UCL) that can enclose the variation of the extracted
damage indicators due to measurement noise with a large probability. Hence, any damage indicator that
falls outside of the enclosure signiﬁes the change of the structural condition with high probability. Sun
and Chang (2004) proposed two damage indicators for the purpose of structural health monitoring, which
were then formulated to lump the discriminated information from the extracted wavelet packet signature.
The thresholds for damage alarming were established using the statistical properties and the one-side con-
ﬁdence limit of the damage indicators from successive measurements.
If n stands for the total number of all sensors distributing in structure, a total of n WPERIs can be ob-
tained after performing the wavelet packet decomposition. When the mean values and the standard devi-
ations of these WPERIs are expressed as lWPERI and rWPERI, the one-side (1  a) upper conﬁdence limit





; ð19Þwhere Za is the value of a standard normal distribution with zero mean and unit variance such that the
cumulative probability is 100(1  a)%. This limit can be considered as a threshold value for alarming of
possible abnormality in the damage indicator WPERI. One special advantage of this damage identiﬁcation
is that the setting of the threshold value is based on the statistical properties of the damage indicator mea-
sured with sensors. Any indicator that exceeds the threshold would cause damage alarming. So even when
the multiple damage occurs, the proposed method can still work well. The location of sensors whose
WPERI values exceed the threshold will indicate where possible damage occurs.5. Simulated beams
To validate the applicability of the proposed wavelet packet based damage identiﬁcation method, the
simulated simply supported beams without damage and with several assumed damage elements are consid-
ered. The beam of 6 m length is discretized with 30 elements as shown in Fig. 3. The mass density and mod-
ulus of elasticity of material of beam are 2500 kg/m3 and 3.2 · 104 MPa, respectively, while the area and
1 2 3
b = 0.25 m
L = 6 m
4 5 7
h = 0.2 m
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Fig. 4. Force–time history.
6618 J.-G. Han et al. / International Journal of Solids and Structures 42 (2005) 6610–6627inertia moment of the cross section of simulated beam are 0.05 m2 and 1.66 · 104 m4, respectively. To
emulate a practical impulse load, the force–time history as shown in Fig. 4 is applied at the distance
0.3 m from the left support of the beam. The node displacement responses of the beams under the impulse
load are obtained by the ﬁnite element analysis package (ANSYS, 1999) at a sampling frequency of
1000 Hz. Those displacement responses are regarded as the measured dynamic signals.
To simulate damage, four damage scenarios with diﬀerent levels of severity and location are conceived.
The damage severities are implemented by reducing the stiﬀness of speciﬁc elements. The reason to adopt
this type of damage is that the damage could be easily emulated and quantiﬁed. The undamaged beam is
denoted by D0 as a reference. The other four diﬀerent damage scenarios, denoted as D1–D4, are described
as follows: (1) D1: stiﬀness reduced 10% in the 15th and 16th elements; (2) D2: stiﬀness reduced 20% in the
15th and 16th elements; (3) D3: stiﬀness reduced 10% in the 8th, 9th, 15th and 16th elements; (4) D4: stiﬀ-
ness reduced 20% in the 8th, 9th, 15th and 16th elements.
A typical displacement response and its Fourier spectral density for the undamaged beam D0 are shown
in Fig. 5, respectively. It can be shown that the node displacement responses generated by the impulse load
are quite small. The ﬁrst two natural frequencies below 200 Hz of the undamaged beam are found to be
35.989 and 143.18 Hz by the Fourier spectra. The ﬁrst two natural frequencies for other four damage cases
can also be found from their corresponding Fourier spectral density functions. These frequencies are list in
Table 3. It is demonstrated that the damage results in the reduction of the beam natural frequencies. How-
ever, the changes of both frequencies for all damaged cases are less than 1.5% compared to those of undam-
aged case D0. Such a small change in natural frequencies indicates that the frequency index is not sensitive
to the local structural damage.
The displacement responses of all damaged beams at the same node (node 10) are shown in Fig. 6. It can
be observed that damage cannot been seen from the time history responses. As illustrated in the above
example of the three-component harmonic function, a suﬃciently high level of decomposition is required
to obtain the sensitive component energies. For the simulated beams, the decomposition level is set to
be 4 where a total of 16 component energies are generated. In order to study the eﬀect of decomposition




















































Fig. 5. Typical displacement response and its Fourier spectrum of undamaged beam.
Table 3
First two natural frequencies (Hz) for diﬀerent damage scenarios
D0 D1 D2 D3 D4
First mode 35.989 35.726 35.406 35.583 35.094
Second mode 143.18 143.16 143.14 142.15 140.90
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Fig. 6. Displacement responses at node 10 for diﬀerent damaged beams.
6620 J.-G. Han et al. / International Journal of Solids and Structures 42 (2005) 6610–6627level, the decomposition level is also set to be 5 where a total of 32 component energies are generated. It is
found that both results seem very similar, which indicates that 4 decomposition level is enough. After
decomposing the signals, the wavelet packet energy rate indices DðEfjÞ of each node are calculated using
Eq. (18).
There are 29 WPERI DðEfjÞ values calculated for anyone damaged beam. The statistical analysis is then
implemented within those 29 WPERI values. The mean value lWPERI and the standard deviation rWPERI
can be calculated. Assuming that a = 0.02, the one sided 98% conﬁdence upper limit ULaWPERI for the
WPERI can be obtained from Eq. (19). For every damaged beam, the histogram can be drawn when
the ULaWPERI value is subtracted from the WPERI values. The damage location can be intuitively shown
in histograms. Those histograms of four damaged beams are shown in Fig. 7. In Fig. 7(a), for instance,
it can be seen that the wavelet packet energy rate indices appeared between nodes 14, 15 and 16, which
















































































Fig. 7. Histograms of four damaged scenarios: (a) Beam-D1, (b) Beam-D2, (c) Beam-D3 and (d) Beam-D4.
J.-G. Han et al. / International Journal of Solids and Structures 42 (2005) 6610–6627 6621are exactly the damage locations of bean D1. In Fig. 7(c), it can be observed that the wavelet packet
energy rate indices appeared between nodes 7, 8, 9, 14, 15 and 16, which are identical to the damage
location of beam D3. It is demonstrated that the locations of four damaged beams can be correctly
identiﬁed.
Unfortunately, the damage severity cannot be identiﬁed quantiﬁcationally. However, for the same dam-
age locations but diﬀerent levels of damage compared with Fig. 7(a) and (b) or (c) and (d), the amplitude
levels in the histograms are higher for the cases of more severe damage, which can represent the damage
severity to some extent.6. Tested beams in laboratory
To make the damage identiﬁcation practical, the proposed damage identiﬁcation procedure should be
veriﬁed not only with the simulated data, but also with real measurement data from dynamic tests
on the structures where the noise and measurement errors are present. The damage indices in most of
Fig. 8. Tested beams. (a) Cross section of tested beams. (b) Dimension and damage locations of tested beams.
6622 J.-G. Han et al. / International Journal of Solids and Structures 42 (2005) 6610–6627modal-based dynamic identiﬁcation techniques are sensitive to noise and measurement errors, which is the
main diﬃculty for practical applications.
Four I-section steel beams with span length of 3 m, as shown in Fig. 8, are used to illustrate the proposed
damage assessment index. Beam0 is an undamaged beam used as the reference. Beam1 is a one-damage sce-
nario damaged at the middle of beam. Beam2 is a two-damage scenario where there are two damage loca-
tions. Beam3 is a three-damage scenario where there are three damage locations. All beams are
dismembered 27 segments as shown in Fig. 8(b). The properties of the beams are as follows: mass density
q = 7117 kg/m3, elastic modulus E = 210 GN/m2, cross section area A = 14.33 cm2, and the inertia
moment of cross section Ix = 245 cm
4, Iy = 32.8 cm
4.
Dynamic tests and measurements have been carried out on all the beams in the laboratory as shown in
Fig. 9. The excitation is provided by an impact hammer applied at the center between 1 and 2 nodes.
Twenty-six measurement locations as shown in Fig. 8(b) were measured by 3 setups. The force-balance
accelerometers are used to measure the dynamic responses. The sampling frequency for all signals is
3000 Hz. The acceleration responses of all four beams at the same node (node 10) were shown in Fig.
10. It is observed that damage cannot been seen from the time history responses.
Fig. 9. Beam dynamic measurements in the laboratory.
Fig. 10. Time-history signals recorded by the accelerometers.
J.-G. Han et al. / International Journal of Solids and Structures 42 (2005) 6610–6627 6623As illustrated in simulated example, for the tested beams, the decomposition level is chosen to be 5
where a total of 32 component energies are generated. After decomposing the signals, the WPERIs
DðEfjÞ of every node are calculated using Eq. (18). These WPERIs DðEfjÞ are shown in Fig. 11 for all
damaged beams. Similarly, assuming a = 0.02, the one sided 98% conﬁdence upper limit ULaWPERI
for the WPERIs can be calculated from Eq. (19). For every damaged beam, the histogram can be drawn
when the ULaWPERI value is subtracted from the WPERI values. The histograms of three damaged beams
are shown in Fig. 12. The damage location can be seen very clearly in these histograms. In the case of
Beam1 in Fig. 12, for instance, it is clearly shown that (WPERI-ULaWPERI) reaches the extreme in the loca-
tion between nodes 13 and 14, which is exactly the damage location of Beam1. All results have demon-
strated that the locations of three damaged beams can be identiﬁed from the real acceleration
measurements.













































Fig. 11. Histograms of wavelet packet energy rate index: (a) Beam1, (b) Beam2 and (c) Beam3.
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Fig. 12. Histograms after considering damage threshold: (a) Beam1, (b) Beam2 and (c) Beam3.
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Wavelet transformation has emerged recently as a powerful mathematical tool for capturing change of
structural characteristic induced by damage. Based on the analysis results of the simulated and tested
beams, it is demonstrated that the proposed WPT-based energy rate index is a good candidate index that
is sensitive to structural local damage. The tested beam veriﬁcation through the real measurement data is of
particular interest since noise or measurement errors are present in the signals and huge data are involved,
which makes the proposed damage identiﬁcation procedure practical. With regard to selecting the decom-
position level, the lower decomposition level which can correctly identify the damage location is important
since the lower decomposition level will reduce the computation eﬀorts.
From the viewpoint of implementation, the proposed damage identiﬁcation procedure requires three
steps of computation: (1) wavelet packet decomposition; (2) wavelet packet energy rate calculation; and
(3) damage location identiﬁcation. These calculations are rather straightforward and not time-consuming,
hence on-line implementation is possible if the reference information is available.
Although the proposed damage identiﬁcation methodology has shown great potential in simulated and
the laboratory tested beams, an important limitation of current method is that a reliable reference struc-
tural model for healthy (undamaged) conditions is required. As a signal based damage detection technique,
the algorithm can detect damage when a sensor is placed at a damaged location. Further work is needed to
make it applicable to large structural system where such circumstances are not possible. There are still some
practical aspects that should be studied so that the wavelet packet based damage identiﬁcation method can
be applied to real structures.Acknowledgement
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